ABSTRACT Twenty eight insecticides were evaluated in the laboratory to characterize the impact of speciÞc compounds on locomotory behavior and mobility of adult Halyomorpha halys (Stål) 
Insecticides play a key role in integrated pest management (IPM) programs because applications of these chemicals can suppress the target pests relatively quickly compared with other tactics. The brown marmorated stink bug, Halyomorpha halys (Stål) (Hemiptera: Pentatomidae), is an invasive species native to China, Japan, Korea, and Taiwan (Hoebeke and Carter 2003) . Because H. halys is a newly established invasive pest in the United States, management tactics against H. halys are often limited to repeated insecticide applications. However, this appears to be the case even in its native range Asia (Kang et al. 2003 , Toyama et al. 2006 . To date, a critical lack of biological information on H. halys means that monitoring tools and treatment thresholds for this invasive pest have yet to be developed in most cropping systems. Indeed, tree fruit growers in the mid-Atlantic area have relied on increasing insecticide applications against H. halys to minimize the economic loss from fruit damages (American/Western Fruit Grower 2011; Leskey et al. 2012a,b) .
Most synthetic insecticides including pyrethroids, organophosphates, carbamates, and neonicotinoids target the nervous system of insects. In addition to lethal effects, insecticides can also affect diverse behaviors or induce behavioral responses before the targeted insect succumbs to exposure. Indeed, insecticide exposure had led to documented changes in: 1) reproductive behavior, 2) host-Þnding behavior, 3) feeding behavior, and 3) dispersal and general mobility among targeted pests (see Haynes 1988 , Desneux et al. 2007 for review). Therefore, because insecticide exposure may induce behavioral changes that could enhance or diminish the overall efÞcacy of a given insecticide, it can be extremely valuable to document these effects.
For example, azadirachtin did not cause signiÞcant mortality of the two stink bug species, Acrosternum hilare (Chinavia hilaris) (Say) and Euschistus servus (Say), after 72-h exposure unless it was mixed with either spinosad or pyrethrins (Kamminga et al. 2009 ). However, counts of stylet sheaths were signiÞcantly lower on azadirachtin-treated tomatoes than on unMention of insecticides in this publication is solely for the purpose of providing speciÞc information and does not imply recommendation or endorsement by the United States Department of Agriculture.treated ones, indicating an antifeedant effect (Kamminga et al. 2009 ) that may help protect fruit even though most bugs were not killed immediately after insecticide exposure. Effects on insect mobility also may affect overall insecticide efÞcacy. The ability of two potato aphids, Myzus persicae (Sulzer) and Macrosiphum euphorbiae (Thomas), to ßy substantially declined after an 18-h exposure to aldicarb (Boiteau et al. 1985) . The authors indicated that effective control of potato leaf roll spread could result not only from a reduction in total aphid numbers but also because of reduced ability of affected individuals to ßy and probe.
Outcomes of behavioral changes of targeted insects after insecticide exposure can have conßicting implications depending on the context. The German cockroach, Blattela germanica (L.) dispersed quickly after exposure to vapors of 1% propoxur in oil (Bret and Ross 1985) ; this potential dispersal may cause secondary problems if individuals establish new infestations. However, as Bret and Ross (1985) pointed out, control programs can take advantage of the repellent nature of this material to ßush individuals from harborages. Similarly, pyrethrins exhibited repellency to the aforementioned two stink bug species in laboratory bioassays (Kamminga et al. 2009 ). This repellency may serve to protect crops temporarily but must be considered over the longer term as bugs avoiding repellent residues could use untreated crops or wild hosts as refugia. Therefore, behavioral changes after insecticide applications need to be considered in the context of pest management.
Among a wide range of nonlethal insecticide effects, some materials signiÞcantly affected locomotory behavior (as reviewed by Haynes 1988 , Desneux et al. 2007 . For H. halys, mobility is a key consideration when evaluating insecticide efÞcacy. Field observations strongly support that H. halys move into cultivated crops in large numbers from overwintering sites in the spring. H. halys also frequently disperse among diverse host plants over the growing season (Fujisawa 2001) to meet nutritive needs for development and reproduction (Oda et al. 1980 , Funayama 2004 . For this reason, mobility changes of H. halys after insecticide exposure could play a signiÞcant role in determining both the ultimate fate of individuals and the overall efÞcacy of insecticides. Leskey et al. (2012b) demonstrated in a laboratory bioassay that Ͼ50% of adult H. halys did not succumb to 13 out of 37 materials when exposed to 18-h old insecticide residue for a 4.5-h exposure period. More so, moribund adults were able to recover from the initial knockdown effects of eight insecticides over the course of 7 d. Therefore, the mobility of H. halys after insecticide exposure may be an important factor to consider when determining overall efÞcacy of a given material. This is particularly true for use of spatially limited insecticide applications such as the alternaterow middle and border spray programs (Hull et al. 1983, Trimble and Vickers 2000) , in which untreated areas may serve as temporal refugia for H. halys to avoid or recover from insecticide exposure. However, to our knowledge, no studies have yet examined the impact of insecticides on the mobility or locomotory behaviors of pentatomid species.
Here we determined whether insecticides inßu-ence locomotory behavior and mobility of adult H. halys during, immediately after, and 7 d after insecticide exposure in laboratory bioassays. We Þrst measured horizontal movement patterns of adults exposed to dry insecticide residue to evaluate how quickly and intensely a given insecticide induces changes in locomotory behavior and mobility. We then evaluated the capacity of adults to climb vertical surfaces immediately after and 7 d after insecticide exposure.
Materials and Methods
Insect Source and Handling. For all bioassays, wild H. halys adults were collected from known humanmade overwintering sites (e.g., storage, sheds, and houses) in Jefferson and Berkeley Counties, WV, and immediately brought back to the laboratory. Adults were then placed in screen cages (30 ϫ 30 ϫ 30 cm) with food and water for a minimum of 2 wk at a photoperiod of 16:8 (L:D) h, 25 Ϯ 1ЊC, and 70 Ϯ 10% relative humidity (RH) to break diapause and return adults to an actively foraging stage. Only those adults that began to actively forage and feed after the 2-wk period were used as test subjects in subsequent insecticide bioassays.
The bioassay method used in this study was based on guidelines published by the International Organization of Biological Control (CandolÞ et al. 2000) and was described in detail in Leskey et al. (2012b) . Insecticides were mixed with water alone (as carrier) in accordance with the label recommendations for tree fruit in the mid-Atlantic (Pfeiffer et al. 2011) (Table  1) . Finished sprays were atomized onto glass petri dish arenas (100 ϫ 15 mm) at a delivery rate per unit area equal to that in commercial orchards (Ϸ505 l per glass petri dish arena). Insecticide residue was allowed to dry completely for 18 h in a fume hood before testing. Water alone was used as a control. In total, 28 active ingredients were evaluated against adult H. halys. For each insecticide, a total of 30 adults (sex ratio ϭ 1:1) were evaluated. We included additional tests of adults exposed to the water control over the course of the bioassays; three separate controls were conducted for a total of 90 individuals. Adults were exposed individually to the insecticide residue on petri dishes. After 4.5 h, exposed insects were removed from arenas and placed individually in clean 30-ml clear plastic cups (Jetware, HatÞeld, PA) with food and water.
Horizontal Movement. Horizontal movement of adult H. halys was recorded after introduction to the petri dish arenas during a 4.5-h exposure period. Each dish was lidded to conÞne a single adult. Five arenas treated with the same insecticide were tested simultaneously. To aid in detection and tracking, the tests were conducted in a dark room, and the petri dishes were backlit using ßuorescent lights. The movements by adults were recorded using a camera of the video visualizer (RE-350, Canon, Inc., Tokyo, Japan) sus-pended above the Þve test arenas. Movement tracks of adults were captured live using Noldus EthoVision software (version 3.1.16, Noldus Information Technology Inc., Leesburg, VA) over a 10-min recording duration at a capture rate of six samples per second. The recording was conducted immediately after (0.0), 1.5, 3.0, and 4.5 h after the introduction of the insects into the test arenas.
Using the EthoVision software, total distance moved and angular velocity were measured and analyzed for each adult over the 10-min recording period. To account for "cursor bounce" (variation in the position of the tracked individual because of recalculation of the center of the acquired subject) in EthoVision, an input Þlter was applied for data acquisition. In this case, the movement distance was accumulated only if the position of test individual changed by Ͼ10% of the mean body length of H. halys (ϭ0.14 cm) in a straight line measure. The angular velocity of individuals, deÞned as the change in direction of movement per unit of time (version 3.1.16, Noldus Information Technology Inc.), was calculated as a measure of variation from straight line movement, indicating a potential reaction to insecticide treatments or loss of motor control in this study. Angular velocity was calculated as an absolute (unsigned) value to yield cumulative degrees turned during the data acquisition and is expressed in degrees/s. As with the distance moved, an input Þlter was applied to disregard any samples yielding Ͻ0.14 cm of horizontal distance moved. Thus, the heading (the absolute direction of movement from which turn angle was calculated) was derived from the moving individual, rather than from shifting of its calculated center.
Horizontal movement data were analyzed within each observation interval (0.0, 1.5, 3.0, and 4.5 h) to compare distance moved and angular velocity of H. halys between individuals exposed to one of the 28 insecticides versus the control. Because the conditions of the insects (alive, moribund, and dead) were not assessed until the 4.5-h exposure period was completed, data includes zero movement distances from adults that became incapacitated or died during the exposure period. The movement distances were log transformed ([ln͑x ϩ 1͒]) and the angular velocities were square root transformed (ͱx) for statistical comparisons. The transformed data were analyzed using analysis of variance (ANOVA) with DunnettÕs method to adjust P values for the multiple mean comparisons (PROC GLM, SAS version 9.2, SAS Institute 2008).
Vertical Mobility. Adult H. halys were removed from the petri dish arenas after the 4.5-h exposure period and transferred to a vertical mobility bioassay. Climbing distance was measured only for surviving adults that were not incapacitated after the 4.5-h exposure period. Therefore, sample sizes for each insecticide include only adults still alive and capable of climbing at the time of the trial. In the test, adult H. halys were placed individually into clear polycarbonate cylinders (30 cm tall ϫ 7 cm diameter). Individual insects were evaluated for 5 min in each of three consecutive trials (15-min total trial duration). The vertical position of each adult was recorded at 30-s intervals, and the cylinder arena was inverted if the insect reached the top of the arena. Total distance climbed over the 15-min period was recorded. After the climbing test, adults were placed in clean 30-ml clear plastic cups (Jetware) with food and water and assessed for their condition daily for 7 d: these data are reported in Leskey et al. (2012b) . After 7 d, surviving adults were evaluated again for the vertical mobility. Vertical mobility data were square root transformed and then analyzed using ANOVA with DunnettÕs method to compare between each of insecticides and control (PROC GLM, SAS version 9.2, SAS Institute 2008). When the number of surviving adults were equal or less than three (i.e., n Յ 3) for a given insecticide, that material was not included in statistical analysis.
Results
Horizontal Movement. Immediate effects from pyrethroid insecticide residues were observed for exposed adult H. halys. During the Þrst 10 min of insecticide exposure, adults moved signiÞcantly greater distances for eight out of nine pyrethroids compared with control (P Ͻ 0.05; Table 2 ). In addition, there were signiÞcant increases in the angular velocity for The application rate was per 936 liters water per hectare, which is recommended for the application for tree fruit.
b The application rate was based on the use of Safari 20 SG for nonbearing tree fruit. individuals exposed to the same eight insecticides compared with control (P Ͻ 0.05; Table 3 ), indicating uncoordinated, irregular movement patterns. Indeed, video recordings show that movement patterns consisted mainly of erratic paths which were substantially different from those in control (Fig. 1) . However, at 1.5 h, movement distances declined to signiÞcantly lower levels compared with the control for seven out of nine pyrethroids (P Ͻ 0.05; Table 2) as individuals became incapacitated. After that, there was very little movement recorded (Table 2 ; Fig. 1 ).
In contrast, there was no signiÞcant difference in the horizontal movement distances between any organophosphates and the control during the Þrst 10-min of exposure (Table 2) . After 1.5 h, the movement distance of adult H. halys increased signiÞcantly for chlorpyrifos, diazinon, dimethoate, and malathion compared with the control (P Ͻ 0.05). Angular velocity of individuals exposed to these same four insecticides was signiÞcantly greater at 1.5 or 3.0 h (P Ͻ 0.05) compared with the control (Table 3) , and indicated that uncoordinated and irregular movements were occurring (Fig. 1) . Horizontal movement distance of adults decreased signiÞcantly for dimethoate and methidathion after 4.5 h compared with control, whereas diazinon was the only material evaluated in which horizontal movement distance increased signiÞcantly after 4.5 h (P Ͻ 0.05; Table 2 ).
Fairly similar patterns of horizontal movement were observed for adult H. halys exposed to carbamates and neonicotinoids. During the Þrst 10-min exposure, except for oxamyl, there was no signiÞcant change in horizontal movement distance by either insecticide class compared with control (Table 2 ). In general, horizontal movement of adults began to signiÞcantly decrease compared with control after 1.5 or 3.0 h for the two insecticide classes (P Ͻ 0.05; Table 2, Fig. 1) . Imidacloprid was the only material among the two classes in which both horizontal distance moved and angular velocity of adults increased signiÞcantly compared with control (P Ͻ 0.05; Tables 2 and 3) . Lastly, there were no signiÞcant effects of endosulfan (organochlorine) and indoxacarb (oxadiazine) on either horizontal movement distance or angular velocity of H. halys throughout (Tables 2 and 3) .
Vertical Mobility. For pyrethroids, seven out of nine insecticides killed or incapacitated all 30 H. halys after 4.5 h (Table 4) . Only esfenvalerate and -cyhalothirin, with 17 and 7% adults that were still capable of moving, respectively, were subjected to vertical mobility trials after 4.5 h. There was no signiÞcant difference in the vertical climbing distance of adults exposed to esfenvalerate versus control (P Ͼ 0.05); -cyhalothrin was not compared statistically with control because of its small sample size. Adults recovered from initial exposure to six pyrethroid insecticides after 7 d. The recovered individuals were capable of climbing in the test and there was no signiÞcant difference in the vertical mobility compared with control (P Ͼ 0.05; Table 4). Asterisk represents signiÞcant difference between insecticide and control in the mean movement distances (P Ͻ 0.05).
For organophosphates, the results of the vertical mobility trials after the 4.5-h exposure period resulted in distinct differences among compounds (Table 4) . Vertical mobility was signiÞcantly lower for adults exposed to acephate and chlorpyrifos compared with control after 4.5 h (P Ͻ 0.05); no individuals were survived from either material after 7 d. Conversely, it was signiÞcantly greater for those exposed to diazinon and phosmet compared with the control after 4.5 h (P Ͻ 0.05), but not after 7 d.
For carbamates, vertical mobility was signiÞcantly lower for adult H. halys exposed to carbaryl and formetanate HCl compared with control after 4.5 h (P Ͻ 0.05), with no difference detected for those exposed to formetanate HCl after 7 d (Table 4) . However, carbaryl was the only material among the 28 insecticides tested in this study, in which the vertical mobility of adults increased signiÞcantly after 7 d compared with the control (P Ͻ 0.05).
Among neonicotinoids, vertical mobility of H. halys was signiÞcantly lower than the control for both imidacloprid and thiacloprid after the 4.5-h exposure period (P Ͻ 0.05), but not after 7 d. (Table 4 ). In addition, adults exposed to clothianidin also showed similar levels of vertical mobility after 7 d compared with control (P Ͼ 0.05). For acetamiprid, 83% of adults recovered from the initial exposure after 7 d with no signiÞcant difference in the vertical mobility compared with the control (Table 4) .
Exposure to the organochlorine endosulfan resulted in signiÞcantly lower vertical mobility of adult H. halys after 4.5 h (P Ͻ 0.05), and this material killed or incapacitated all adults after 7 d (Table 4) . By contrast, vertical mobility of adults exposed to the oxadiazine indoxacarb did not signiÞcantly differ from the control at 4.5 h and 7 d (P Ͼ 0.05), and this material resulted in no kill or incapacitation after 4.5 h.
Discussion
The results of this study indicate that insecticides signiÞcantly affect the mobility and behavior of adult H. halys, and that magnitude of effects are signiÞcantly different among insecticides. Our data strongly support that pyrethroid insecticides can cause almost immediate neurotoxicity of H. halys that results in rapid and uncoordinated movement followed by incapacitation compared with other insecticide classes (Fig.  1) . The term "locomotive stimulant" was applied by Cooperband and Allan (2009) to describe behavior of Culicidae contacting pyrethroid-treated surfaces. This term applies to H. halys as well considering pyrethroids resulted in essentially immediate locomotory stimulation followed by knockdown with most incapacitated after a 4.5 h exposure period (Tables 2 and  3 ). However, adults showed a substantial recovery over 7 d from the initial insecticide effects of six of the nine pyrethroids evaluated (Table 4) . Nielsen et al. (2008) also found that H. halys recovered from a moribund state after exposure to Þve pyrethroids including ␤-cyßuthrin, cyßuthrin, fenpropathrin, bifenthrin, and -cyhalothrin during 48-h observations. Notably, the adults in our study recovered and demonstrated similar levels of vertical mobility capacity compared with control after 7 d. This strongly suggests that the efÞcacy of pyrethroids needs to be monitored and evaluated over a prolonged time frame because H. halys are able to not only recover from initial knockdown (Leskey et al. 2012b ) but also regain their mobility after 7 d at least at the current labeled rates (Pfeiffer et al. 2011 ) tested in our studies. Further experiments examining whether H. halys can leave an area treated with pyrethroid residue could also help determine the overall efÞcacy of speciÞc materials. Cooperband and Allan (2009) found that mosquitoes spent less time on pyrethroid-treated surfaces compared with untreated surfaces. This behavioral pattern may serve as a source of behavioral resistance to insecticide residues. Our data indicate that the onset of effects to adult H. halys from exposure to organophosphates was slower than pyrethroid insecticides. In general, the distance of horizontal movement and angular velocity of adults began to increase after 1.5 h and tended to last over the 3.0-h observations (Tables 2 and 3 ; Fig. 1) . Diazinon was the only insecticide among the tested materials that resulted in signiÞcantly greater horizontal movement compared with the control after 4.5 h. Moreover, this material did not incapacitate H. halys at 4.5 h, and resulted in signiÞcantly greater vertical mobility compared with the control and greatest distance moved among all materials in the vertical mobility trial (Table 4) . Similarly, phosmet induced substantial increases in vertical mobility of H. halys. This locomotory stimulation observed from organophosphates may have an adverse effect on overall insecticide efÞcacy against H. halys populations. Given that tree fruit growers often adopt alternaterow middle application methods (Hull et al. 1983) and/or border sprays (Trimble and Vickers 2000) , it is possible that surviving H. halys could disperse to untreated areas and recover from insecticide application. Indeed, adult H. halys have been reported to disperse up to 2 km in a mark-release-recapture study (Zhang et al. 1993 ).
The carbamate materials tested in this study did not stimulate either horizontal distance moved or angular velocity of adult H. halys (Tables 2 and 3 ). However, carbaryl was the only material evaluated in this study, in which vertical mobility of surviving adults was signiÞcantly greater than the control after 7 d (Table 4) . Linn and Roelofs (1984) found that carbaryl signiÞ-cantly disrupted the ability of male oriental fruit moth Grapholita molesta (Busck) to perform oriented upwind ßight responses to a pheromone source. The authors suggested that carbaryl affected portions of the central nervous system involved in integrating sensory stimuli rather than speciÞc motor pathways controlling ßight coordination. To our knowledge, however, it is unknown how this compound affects the nervous system or motor pathways of pentatomid species.
In addition, endosulfan (organochlorine) and indoxacarb (oxadiazine) were tested because these materials have been frequently used by growers for the management of orchard pests (Pfeiffer et al. 2011 ). In the horizontal mobility bioassay, there was no significant effect of either insecticide on the behavior of H. halys (Tables 2 and 3 ). However, endosulfan showed a high level of lethality after 4.5 h and signiÞcantly suppressed the vertical mobility of adults (Table 4 ). This result indicates that this material could be a very effective management tool for H. halys. However, the use of endosulfan will be prohibited on most crops by 2012 in the United States through Environmental Protection Agency (EPA) regulations (EPA 2010) . By contrast, exposure to indoxacarb did not cause high mortality or affect the vertical mobility of H. halys. Tillman and Mullinix (2004) found that the brown stink bug E. servus was unaffected from feeding on food treated with indoxacarb but the beneÞcial spined soldier bug, Podisus maculiventris (Say), suffered high mortality from this material. It appears that further evaluations of indoxacarb, particularly through feed-ing bioassays may be warranted to fully understand the potential of this material for management of H. halys.
Understandings of behavioral effects of insecticides can have important implications in the development of management programs for H. halys. To date, few attempts have been made to evaluate insecticide impacts on the behavior of pentatomids. Previous studies have mainly focused on measuring the toxicity of insecticides or susceptibility of the stink bugs based on dose-mortality bioassays such as estimating LC 50 values (Snodgrass et al. 2005 , Nielsen et al. 2008 , SosaÐ Gó mez et al. 2009 , Baur et al. 2010 . Nevertheless, some studies have demonstrated that behavior and Þtness of stink bugs could be affected by nonlethal dose of insecticides. Riba et al. (2003) reported that fecundity of female Nezara viridula (L.) was signiÞ-cantly reduced if exposed to azadirachtin in the nymphal stage. In addition, the material showed signiÞcant oviposition repellency to the female N. viridula (Riba et al. 2003) . A separate study reported an antifeedant effect of azadirachtin and repellency of pyrethrins to A. hilare (ϭC. hilaris) and E. servus (Kamminga et al. 2009 ). Therefore, the efÞcacy of insecticides against H. halys needs to be evaluated with multifaceted approaches including diverse behavioral bioassays and Þeld trials. The results of our study indicate that it is important to consider changes in mobility of adult H. halys after insecticide exposure. These behavioral changes should be taken into account to better use the insecticide in the context of IPM programs.
